IgM is the first antibody produced during the humoral immune response. Despite its fundamental role in the immune system, IgM is structurally only poorly described. In this work we used X-ray crystallography and NMR spectroscopy to determine the atomic structures of the constant IgM Fc domains (Cμ2, Cμ3, and Cμ4) and to address their roles in IgM oligomerization. Although the isolated domains share the typical Ig fold, they differ substantially in dimerization properties and quaternary contacts. Unexpectedly, the Cμ4 domain and its C-terminal tail piece are responsible and sufficient for the specific polymerization of Cμ4 dimers into covalently linked hexamers of dimers. Based on small angle X-ray scattering data, we present a model of the ring-shaped Cμ4 structure, which reveals the principles of IgM oligomerization.
antibody oligomerization | hybrid approach | dimer interfaces A ntibodies, also referred to as Igs, defend against infection by the inactivation of viruses or bacteria and by recruiting downstream effectors such as the complement system or cells specialized to kill invading microorganisms (1, 2) . IgM is the first antibody to be produced during the humoral immune response (3) . Early IgM antibodies are secreted before B cells have undergone somatic hypermutations and therefore tend to be of low affinity. To compensate for the reduced binding efficiency of the monomers, IgM forms oligomers ( Fig. 1 ) whose multiple antigenbinding sites confer high overall avidity (4) . Moreover, the complex structure of IgM makes it especially effective in activating the complement system (5) .
Whereas the antigen-binding fragment (Fab) of different Ig classes follow a common topology, the constant fragment (Fc) parts differ substantially in domain composition and architecture. In contrast to IgG, the Fc part of IgM is composed of three Ig domains (Cμ2, Cμ3, and Cμ4) and an additional C-terminal tail piece (tp). The IgM polymer is composed of subunits in which two heavy chains (μ) are covalently paired with two light chains (L). IgM is present either as pentamers (μ 2 L 2 ) 5 J in the presence of the J chain, or as hexamers (μ 2 L 2 ) 6 in the absence of the J chain, a small protein that is involved in IgM assembly and secretion (6) (7) (8) . Upon assembly, the heavy chains are covalently linked in the Cμ2, Cμ3, and Cμ4 (tp) domains by interchain disulfide bridges (Fig. 1) .
The Fc region of IgM is of outstanding interest because its structure, oligomerization, and effector protein binding clearly differs from other Ig Fc regions. Our current understanding of the IgM structure largely originates from negative-stain EM (9) , which identified the pentamer as a planar, star-shaped oligomer with the Fab fragments pointing away from the inner core composed of the Fc regions. Early structural models of complement activation were based on small angle X-ray scattering (SAXS) data and modeling (10) and suggest a planar Fc disk containing a central Cμ4 ring. The Cμ3 and Cμ2 domains are attached in a starshaped manner. The latest model makes use of the high similarity of IgM and IgE. IgM shares the basic IgE domain architecture with three domains in the Fc part (11) . Fluorescence data (12) and the subsequently determined crystal structure (11) of IgE Fc revealed that the IgE Fc is sharply bent. Interestingly, the latest IgM model suggests a similar Fc region with the Cμ4 domains protruding out of the plane defined by Cμ2, Cμ3, and the Fab domains (13) .
Owing to its flexibility, crystallization trials of the IgM oligomer have not been successful to date. In this study, we applied X-ray crystallography and NMR spectroscopy to determine the atomic details of all individual mouse IgM Fc domains (Cμ2, Cμ3, and Cμ4). Analysis of their quaternary arrangements in solution revealed unexpectedly that Cμ4 forms defined ring-like hexamers of dimers. SAXS data of the hexameric domain assembly together with modeling suggest a model for the IgM Fc structure.
Results
Characterization of the IgM Fc Domains. To gain insight into the elusive structure of the IgM Fc segment, we produced the individual Fc domains recombinantly in Escherichia coli and characterized their properties after purification. Investigation of the influence of intersubunit disulfide bonds on oligomerization was addressed by serine mutations of the corresponding cysteine residues in Cμ2 (C337), Cμ3 (C414), and Cμ4tp (C575). During thermal denaturation, all domains unfold cooperatively with transition midpoints ranging from 59-65°C (Table 1 and Fig. S1 ). The lack of thermodynamic stability parameters is caused by the irreversibility of the transitions. However, guanidium chloride (GdmCl)-induced equilibrium unfolding (Fig. S1 ) resulted in reversible transitions of all domains, and thermodynamic parameters are given in Table 1 . All domains behave like two-state folders, not significantly populating any equilibrium intermediates.
To investigate the quaternary structure of the isolated domains, we first performed size-exclusion chromatography (SEC) experiments (Fig. S2) . The Cμ2 domain was purified as a disulfide-linked dimer, as determined by nonreducing SDS/PAGE, which is in agreement with the elution profile of the SEC column (Fig. S2A , dotted line). Moreover, our data demonstrate that dimer formation was independent of the protein concentration. However, when the interchain disulfide bond was removed by mutating Cys337 to Ser, the elution time became concentration-dependent. The single peak is indicative of a fast monomer/dimer equilibrium (Fig. S2A ). Both the wild type and the C414S mutant of the Cμ3 domain eluted predominantly as monomers and did not show any peak-shift ( Fig.  S2 B and C) . However, in the case of wild-type Cμ3, small amounts of covalent dimers were observed. The Cμ4 domain behaved similar to the Cμ2C337S mutant. It also exhibits a fast monomer/ dimer equilibrium, although with lower affinity as estimated from the smaller shift at higher protein concentrations (Fig. S2D) . When the C-terminal tp with the penultimate C575 was attached to the Cμ4 domain, at least one additional prominent species with substantially increased molecular weight appeared (Fig. S2E ). This peak could be minimized by mutating Cys575 to Ser (Fig. S2F) , indicating that this species seems to correspond to a covalently linked Cμ4tp dimer or higher-order oligomers (discussed below).
To gain further insight into Cμ domain association, we performed sedimentation equilibrium (SE) and sedimentation velocity (SV) analytical ultracentrifugation (aUC). Data from SE runs performed at different rotor speeds and protein concentrations were fitted with a model for self-association (14) to calculate dissociation constants for the monomer/dimer equilibrium and were confirmed by SV-aUC (Table 1 and Fig. S3 ). For the Cμ2C337S mutant without the interdomain disulfide bridge, a K d of 2.1 ± 0.1 μM was assigned. The weaker dimerization of the Cμ4 domain deduced from the SEC experiment was verified by aUC, resulting in a K d of 86 ± 3 μM. The presence of the Cterminal tp (Cμ4tpC575S) decreased the affinity of the Cμ4 domain dimer to a K d of 224 ± 7 μM. This finding might be the consequence of a not-fully-unstructured tp that is interacting with the Cμ4 domain. In contrast, the Cμ3C414S domain showed no interaction in the SEC and aUC experiments. Taken together, these experiments conclude that the Cμ2 and Cμ4 domains form dimers in solution, whereas the Cμ3 domain is monomeric. Next, we performed structural analysis of the respective Cμ domains.
Crystal Structure of the Cμ2 Domain. Crystals of the Cμ2 domain were obtained in the space group C2, with the unit cell dimensions a = 92.4 Å, b = 44.8 Å, and c = 54.6 Å, and two molecules in the asymmetric unit accounting for 37% solvent content. The phase problem of the IgM Cμ2 domain was determined by Patterson search calculations using the IgE Ce2 (1O0V) (11) as a starting model and the structure was refined to an R free of 18.1% at 1.3 Å resolution (Table S1 ). Overall the model is well defined in its electron density map, yet some loops (gap between chain-A Glu-293 to Thr-298 and chain-B Phe-248 to Lys-255 and Thr-293 to Gln-300) were structurally disordered and have therefore been omitted. The Cμ2 domain crystallized as a dimer, and the conformation of Cμ2 shows a typical Ig fold with a two-layer sandwich of seven antiparallel β-strands arranged in two β-sheets with a Greek key topology ( Fig. 2A) . Structural superposition of the C α -atoms of both chains yields a rms deviation of 0.6 Å. Both chains possess an Ig fold typical internal disulfide bond between Cys-260 and Cys-320. The electron density map shows high occupancy and low Debye-Waller factors in the disulfide bridges, which are oriented perpendicular to the β-sheets. A common feature of many members of the Ig superfamily is the presence of at least one cis proline residue in the native structure. Both domains harbor this cis peptide bond between Thr-266 and Pro-267. However, in chain A there is an additional cis peptide bond involving Pro-253, whereas the corresponding loop in chain B is not resolved.
To analyze the biological assembly state of the structure, the PISA server (15) was used and confirmed that Cμ2 forms a physiological dimer comprising a buried area of ∼1,660 Å 2 . The Cμ2 dimer shares the mode of domain pairing seen in IgE Ce2 with its less extensive interaction surface and interchain disulfide bonds (11) . However, unlike IgE Ce2, the interface is dominated by a central hydrophobic core ( Fig. 2A) as typically seen in other Ig domain structures. The dimer is further stabilized by six hydrogen bonds, one salt bridge (between chain A Glu-261 OE2 and chain B Lys-257 NZ, 2.77 Å) as well as an additional disulfide bridge between the C-terminal Cys-337 residues of chain A and B ( Fig. 2A) . The hydrophobic contact interface also accounts for the observed dimer formation in the absence of the C-terminal disulfide bridge.
Solution Structure of the Cμ3 Domain. Because crystallization trials of the Cμ3C414S domain failed, this structure was elucidated by heteronuclear NMR spectroscopy (Table S2) . We determined the overall tumbling correlation time of Cμ3C414S to be 6.0 ± 0.4 ns from 15 N NMR relaxation data (Fig. S4 ). Comparison with an expected value of 7.5 ns for the monomer and 14.4 ns for the dimer confirms that Cμ3C414S is monomeric, in agreement with the sedimentation data described above. The solution structure of Cμ3C414S consists of the typical Ig fold with a β-sheet sandwich that includes an intramolecular disulfide bridge between Cys367 and Cys426 (Fig. 2B) . NMR signals of residues in the loop between strands D and E connecting the two β-sheets are line-broadened owing to chemical exchange, further confirmed by comparison of the transverse R 2 15 N relaxation rates to offset-corrected R 1ρ rates (Fig. S4) . The increased dynamics of this loop had been already observed in the corresponding IgG Cγ2 domain in the absence of glycosylation in the DE loop (16) , suggesting that the DE loop in Cμ3C414S may be stabilized by glycosylation of Asn402. Chemical shift perturbations (CSP) of Cμ3C414S and Cμ3C414S-Cμ4 domain constructs (Fig. S4) 15 N resonance from the backbone assignments. The CSPs have been calculated according to Eq. S2. In the spectra of the tandem construct the region between Phe354-Phe358 has been broadened out completely owing to the interaction in the interface, and therefore no exact CSP could be assigned. Residues Thr374-Leu378 and Val396-Ser399 have been excluded from the analysis, because their 1 H N , 15 N resonances could not be assigned owing to line broadening in the single domain construct. This allowed mapping of the binding interface of the Cμ3 domain with Cμ4 (Fig. 2B) . Interestingly, this interface on Cμ3 comprises predominantly the two helices at the C-terminal side of Cμ3 and is very similar to the interactions seen between the corresponding domains in other Ig classes. The mapped interface on Cμ3 was then used for modeling experiments, eventually yielding the overall domain arrangements below.
Crystal Structure of the Cμ4 Domain. The Cμ4 domain crystallized in the space group C2 with the cell dimensions a = 169.2 Å, b = 41.2 Å, and c = 67.1 Å. Four molecules are located in the asymmetric unit leading to 40% solvent content. Using the structure of the Cμ2 domain as a starting model, the IgM Cμ4 could be determined by molecular replacement methods and refined to a R free of 23.4% at 2.0 Å resolution (Table S1 ). The conformations of all four IgM Cμ4 monomers show a typical Ig topology that is stabilized by a disulfide bond between Cys474 and Cys536 (Fig. 2C) and a cis peptide bond involving Pro481 is observed.
The analysis of the biological assembly using the Protein Interfaces, Surfaces and Assemblies (PISA) server predicts that the monomers A and D as well as B and C form stable dimers. The conformation of both dimers in the asymmetric unit match to each other with an rmsd on the C α -atoms of 0.3 Å and 0.4 Å, respectively. Approximately 1,900 Å 2 , which corresponds to 17% of the surface area, are buried in the interface that comprises hydrophobic protein interactions resulting in a stable dimer of Cμ4 (Fig. 2C) . Interestingly, compared with the dimerization behavior of other Ig folds, the two molecules are arranged in a parallel manner (Fig. 2C) . Particularly, the N termini are located on the same side of the dimer, and the C termini on the opposite end, which is important for the oligomer formation. A summary of the different homo-dimer association modes of Ig Fc domains is shown in Fig. S5 .
Cμ4 Oligomerization. As shown above, the Cμ4tp domain forms weak noncovalent dimers in the absence of Cys575 in the tp. In the presence of Cys575, we also observed noncovalently linked dimers in dilute solutions. At higher concentrations, however, those dimers form disulfide-linked oligomers. The analysis of the native Cμ4tp by SEC revealed a concentration-dependent equilibrium between dimers and oligomers with masses of 31 kDa and 198 kDa applying multiangle light scattering (MALS) (Fig.  3A) . Interestingly, the latter species corresponds well to a hexamer of Cμ4 dimers, as observed for native IgM in the absence of the J chain (6, 17, 18) . Thus, the isolated Cμ4tp domain is sufficient for the assembly of defined hexamers of dimers.
Further support of oligomer formation was received by SV aUC runs at different protein concentrations (1-20 μM) (Fig.  3B) , revealing a major species that sediments with 8.8 S and a minor one with 2.6 S. Both the sedimentation coefficients and the fitted frictional coefficient f/f 0 of 1.34 calculated the masses for the two species to be 190 kDa and 30 kDa, respectively. These values validate the dimer/hexamer of dimer equilibrium of Cμ4tp dimers. Furthermore, also the relative ratios could be shifted toward the hexamer of dimers in a concentrationdependent manner (Fig. 3B, Inset) .
Model for the Cμ4 Hexamer Structure. SAXS experiments were used to further characterize the hexameric structure of Cμ4tp dimers (Materials and Methods gives details). The molecular mass of Cμ4tp of 162 ± 4 kDa, determined based on the I(0), fits well to the expected molecular mass of 176 kDa for a hexamer. The radius of gyration (R g ) of 41.6 ± 0.5 and a maximum dimension of 114 Å also support hexamer of dimer formation (Fig. S6A) . The SAXS data together with the crystal structure of the Cμ4 domain allowed us to model the hexameric structure of Cμ4tp dimers. Note that the additional Cμ4-Cμ4 interface observed in the crystal structure cannot be used to construct the hexamer (Fig. S6E) . Therefore, no additional restraints have been used in the SAXS modeling. All structures share a characteristic toroidal assembly (Fig. 4B) . The generated structures fit well to the experimental data (χ = 1.98-3.34) (Fig. S6G) . Interestingly, in the oligomer the Cμ4tp dimers contact each other involving the surface of the β-sheets and several loop regions with a surface area of ∼1,000 Å 2 (Dataset S1). The N termini of Cμ4tp are pointing outward of the hexameric ring, whereas the C termini, which are structurally constrained by the disulfide bond, are facing its interior (Fig. 4B) .
In conclusion, the various structural and functional data described above allowed us to generate a model of the entire Cμ2-Cμ3-Cμ4tp hexamer (Fig. 4A ) using (i) the structures of the individual subunits, (ii) the SAXS-derived structure of the hexameric Cμ4tp dimers, (iii) the distances for the inter-Cμ3 disulfide bonds, and (iv) NMR chemical shift mapping of the Cμ3-Cμ4 binding interface (Fig. 2C and Fig. S4 ). We conclude that the Cμ2-Cμ3 subunits in IgM point apart from the hexameric ring formed by Cμ4tp dimers (Fig. 4C) . The domain interactions, including the short linkers between the Cμ2, Cμ3, and Cμ4 domains, sterically restrict the accessible conformational space (Fig. 4C ). These findings demonstrate that the Cμ4 domain orchestrates the assembly of the oligomeric IgM, whereas the covalent linkages in the tail piece and the Cμ3 domain stabilize this complex.
Discussion
Whereas the structure and assembly of IgG is well-studied (19) , for IgM we largely lack detailed structural information. Here we present a hybrid approach using X-ray crystallography, NMR, and SAXS to solve the structures of the individual domains of the mouse IgM Fc (Cμ2, Cμ3, and Cμ4) and to reconstruct the Fc oligomer. Aside from the expected domain topologies with their characteristic β-sheet sandwich and two short α-helices (20), we observed unexpected domain associations that were not considered in previous models. Based on electron microscopy, X-ray scattering, and mutagenesis studies, we know that the IgM polymer is assembled through interactions of identical domains, that is, Cμ2-Cμ2, Cμ3-Cμ3, and Cμ4-Cμ4, and that the corresponding cysteine residues (C337, C414, and C575) form the interchain disulfide bonds (21) (22) (23) . A detailed mutagenesis study showed that the cysteine at position 575 is essential for efficient assembly, whereas C337 and C414 are not needed for polymer formation (24) . The latest IgM model is based on the IgE structure (13) .
To obtain a better understanding of the elusive structure of the IgM Fc, we first characterized the isolated Fc domains. The Cμ2 domain, the most N-terminal domain of the IgM Fc, replaces the hinge region found in IgG (25) . It forms a disulfide-linked dimer with a unique interface dominated by hydrophobic interactions. In the absence of the disulfide bridge, the K d is around 2 μM. This weak interaction needs to be further stabilized by the covalent linkage (Cys337). The IgE Ce2 domain is functionally equivalent to Cμ2 and it also bears some structural resemblance. Both have a unique association mode with a small interface area, compared with other Ig constant domains, and a distinct rotation angle (110°for Cμ2 and 105°for Ce2) between the domains (Fig. S5A) . However, there are important differences. These include the arrangement of the disulfide bridges in Ce2 (11) and the interface that is polar and less pronounced in Ce2, leading to a monomeric protein in the absence of the disulfide bonds (26) .
The Cμ3 domain does not make any stable dimer contacts. This is similar to the corresponding IgG Cγ2 and IgE Ce3 domains, which do not have any direct contacts either. In contrast to IgG and IgE, IgM forms larger oligomers. During assembly, the Cμ3 domains come into close proximity and the weak Cμ3-Cμ3 interactions are stabilized via disulfide bridges (Cys414) only in the complete IgM oligomer. The position of the Cys414 at the edge of the Cμ3 domain and its mainly polar environment supports such a weak contact that must be stabilized by a disulfide bridge.
The mode of dimerization elucidated here for Cμ4 has so far not been observed among Igs (Fig. 2 and Fig. S5A ): Whereas all other C-terminal antibody domain dimers such as IgG Cγ3, IgA Cα3, and IgE Ce4 are arranged in an antiparallel fashion, with the N and C termini on opposing sides, the IgM Cμ4 topology results in the location of the N termini and C termini on the same side. This is explained by the rotation angles between the domains. Whereas IgG Cγ3, IgA Cα3, and IgE Ce4 have rotation angles of 132°, 138°, and 142°, respectively, the Cμ4 of IgM harbors a rotation angle of 70°, which is important for the selfassembly of the dimers into pentamers or hexamers of dimers. Interestingly, IgA Cα3 and IgE Ce4 share up to 50% sequence identity with Cμ4. Whereas the dimer interfaces of IgM Cμ4, IgA Cα3, and IgE Ce4 share a conserved, mostly hydrophobic, core, most residues lying at the outer part of the Cμ4 interface show little identity or homology to IgA or IgE (Fig. S5B) . These differences must lead to the different dimer association of Cμ4. Hence, their different oligomeric states are caused by the unique amino acid composition at the interface that defines the configuration of the dimer.
A hallmark of the current work is the identification of the minimum requirements for IgM oligomerization. Attaching the C-terminal tp to the Cμ4 domain is already sufficient for oligomer formation, including the intermolecular disulfide bridge involving Cys575, the penultimate amino acid in the tp. Our results therefore show that the Cμ4 domain possesses two dimerization interfaces consisting of the four β-strands as well as a weak interaction site distinct from the first one that is stabilized by the interdimer disulfide bridge. Thus, our data reveal the existence of a noncovalently associated Cμ4 dimer that is covalently surrounded by two adjacent Cμ4 dimers. The noncovalent Cμ4 oligomer does not seem especially stable (Fig. 3) at protein concentrations usually found in plasma (ca. 1 μM). However, the oligomer is further stabilized by the Cμ2 dimer interface and the inter-HC disulfide bridge at the C terminus of the Cμ2 domain (23) .
Based on the ring-like Cμ4 oligomer and the data from the single domains, this study describes a model for the hexameric IgM Fc, composed of the Cμ4 inner core and the Cμ3 and Cμ2 domains that build a flexible star-shaped arrangement around the inner core. This is similar to previous models based on electron microscopy (9) and SAXS (10) data. However, the model presented here is not planar and the central region (Cμ4) is projecting out of the plane defined by the Cμ2 and Cμ3 domains (Fig. 4C) . The dimensions of this structure are in good agreement with previous estimations based on cryo-atomic force microscopy (AFM) data (13) . In addition to the nonplanar shape, also the size of the central circular region, composed of the Cμ3 and Cμ4 domains, with a diameter of ∼180 Å, fits well to the core region dimension of 190 ± 20 Å seen in the cryo-AFM experiments.
In conclusion, the Cμ4tp domain is responsible and sufficient for the specific IgM polymerization. In vivo the situation seems more complicated. In the crowded environment of an antibodyproducing cell, a sophisticated quality control system is present (27) . In the case of IgM, the formation of pentamer/hexamer complexes is stringently controlled by the ERp44/ERGIC53 assembly platform including a thiol retention mechanism via Cys575 (28, 29) . In addition, it was shown that carbohydrates have an influence on oligomerization (30) , particularly the glycan linked to Asn563 in the tp of Cμ4 that interacts with ERp44. In its absence, pentamers cannot be formed in vivo and polymers of six or more subunits are secreted (30, 31) . Furthermore, the J chain plays an important role in the selective assembly and it is expected that its major function is a place holder for one IgM subunit in the pentamer compared with the hexamer (32). This is supported by the hexameric ERp44/ERGIC53 assembly platform that is involved in the formation of pentameric and hexameric IgM assemblies. Therefore, the hexameric Cμ4 ring presented here might be identical to a pentameric Cμ4/J-chain ring with one Cμ4 dimer subunit exchanged by one J-chain protein. Notably, hexameric IgM that lacks the J chain activates the complement system 15-to 20-fold more efficiently than pentameric IgM (33, 34) .
In summary, our study provides a comprehensive structural analysis of the IgM Fc domains as well as of the oligomerization of IgM subparticles. Despite the high structural similarity of individual Ig domains from various classes, interactions between the domains are different and adapted for the desired function. Notably, it is the Cμ4 domain of IgM together with its C-terminal extension that, apart from any antibody domain characterized to date, confers the intrinsic ability to oligomerize into defined hexamers of dimer. Because the sequences of mouse and human IgM Fc are conserved (68% identity), we assume that the model presented here is also true for human IgM Fc.
Materials and Methods
Protein Production and Purification. Proteins were expressed as inclusion bodies in E. coli, oxidatively refolded, and purified as described in SI Materials and Methods.
Analytical Gel Filtration. Analytical SEC measurements were performed in PBS as outlined in SI Materials and Methods. For the Cμ4tp domain detection and mass calculations of the observed species a Dawn Heleos MALS detector was used.
Analytical Ultracentrifugation. Domain association and determination of dissociation constants was assessed with analytical ultracentrifugation as described in SI Materials and Methods. For dimerizing domains, data were fitted to a self-association model (14) .
Optical Spectroscopy. Fluorescence and CD measurements were carried out in PBS as described in SI Materials and Methods. To obtain thermodynamic parameters from the GdmCl-induced unfolding and refolding transitions, a two-state model was applied (35) .
Crystallization and Structure Determination. Crystals of Cμ2 and Cμ4 were grown at 20°C using the sitting drop vapor diffusion method. Protein solution (10 mg/mL) in 10 mM Tris·HCl, pH 7.5, was mixed with an equal volume of buffer C2 [1.0 M lithium chloride, 0.1 M MES (pH 5.4), and 23% PEG 6000] for the Cμ2 domain and buffer C4 [15% PEG 8000 and 0.1M Hepes (pH 7.2)] for the Cμ4 domain, respectively. Diffraction datasets were collected using synchrotron radiation at the X06SA beamline at the Swiss Lightsource (Cμ2) or on a Bruker Microstar/X8 Proteum (Bruker AXS Inc.) with a Cu rotating anode (λ = 1.54 Å; Cμ4 domain). For structure determination, molecular replacement was performed in Phaser (36) using the coordinates of the Ce2 domain of human IgE (1O0V) for Cμ2 and the coordinates of the here determined structure of the Cμ2 domain for Cμ4, respectively. Details are provided in SI Materials and Methods.
NMR Spectroscopy. NMR data were acquired at 25°C on a Bruker Avance III 600 MHz spectrometer with a 300-μM uniformly 15 N, 13 C-labeled Cμ3C414S sample except for the stereospecific assignment of valine and leucine side chains, which was based on a 1 H-13 C heteronuclear multiple quantum correlation acquired on a 10%
13 C-labeled sample as previously described (37, 38) . Details are provided in SI Materials and Methods. SAXS Measurements and Modeling. SAXS data for solutions of Cμ4tp were measured for several solute concentrations in the range from 1 to 10 mg/ mL. The structure of the Cμ4tp hexamer was modeled using the program CORAL (39) as described in SI Materials and Methods. The model of the IgM Fc hexamer was generated in CORAL using the structures of (i) Cμ2, (ii) Cμ3, (iii) the Cμ4 hexameric ring as determined based on SAXS data, (iv) the disulfide linkages (C414 and C575), and (v) the Cμ3-Cμ4 interface derived from NMR chemical shift titrations as input. Details are provided in SI Materials and Methods.
